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Introduction

45
Surgeons performing endovascular surgery (interventional cardiology or neuroradiology, etc...) have high expectations with regard to the improvement of their operating tools and, more specifically, of their catheters. Because of their length and great flexibility, these devices appear to be significantly limited with respect to commandability, precision, and stability. In neuroradiology, in particular, the route through which the catheter must travel 50 from the insertion point (commonly the femoral artery at the groin) to the pathology area (e.g., a cerebral aneurysm) often involves very small vessels with tight radii and large branching angles. Furthermore, neuroradiologists still encounter difficulties in accurately positioning the catheter at the center of the aneurysmal cavity for coil insertion (see Fig. 1 ).
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Figure 1: Route of the catheter in the arterial frame.
Various solutions having the form of drivable active catheters were proposed in the literature.
For example, Guo et al. [1] imagined a micro-actuator based on the Ionic Conductive Polymer Film (ICPF) technology for controlling the bending of a catheter tip. In Ref. [2] , the 60 electrochemical actuation of a catheter coated with polypyrrol is studied. Ikuta et al. [3] produced a hydrodynamic active catheter driven by integrated micro valves. Shape memory alloy (SMA) actuators were also widely investigated. SMA actuators present a number of advantages when applied to active catheterism. They are biocompatible and have an excellent density-to-power ratio [4] , [5] . The concept of SMA actuation for catheterism is depicted in 
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Wire-shaped SMA actuators were primarily exploited in the design of active catheters for their simplicity and their high stress capability. For example, Fukuda et al. [6] and Takizawa et al. [7] have developed catheters with external diameters of about 1.5 mm and actuated by three SMA wires distributed at interval of 120° around the catheter. In Ref. [8] , a similar 80 device with a diameter of 2.6 mm has been applied to peroral pancreatoscopy in pigs. In Ref.
[9], the principle of a catheter having a spiral structure made of a flexible belt integrating SMA wires is presented.
Coil-shaped SMA micro-actuators were also used for their high strain capability [10] . In Ref.
[11], the fabrication of a 1.4-mm-diameter catheter using SMA coils as actuators with 85 bending, torsional, and extending control capabilities is detailed. A multi-link active catheter which fabrication is based on silicon micromachining is presented in Ref. [12] , together with an interesting method for the indirect heating of the SMA coils. In Ref. [13] , a multi-link active catheter including a polyimide-based integrated CMOS interface circuit for communication and control is presented.
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SMA actuators having the shape of flat springs have also been used regarding the possibility to produce very small actuators [14] . In Ref. [15] , a 0.9-mm-diameter catheter has been realized this way. More recently, Kubo et al. [16] and Langelaar and Van Keulen [17] studied the feasibility of active catheters cut from thin SMA tubes. To our knowledge, none of these devices entirely satisfy the constraints imposed by 100 neuroradiology. Applying the concept of active catheterism to neuroradiology indeed raises particular requirements:
(1) Technological complexity and high cost of realization are prohibited with respect to the principle of single-use device.
(2) Diameters close to the millimeter are mandatory because of the thickness of brain arteries.
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(3) Most of the time, placing the catheter tip at the center of aneurysm cavities requires radii of curvature to be smaller than 10 mm [18] .
As we can see in Table 1 , the prototype of Mineta [15] is the only one that simultaneously satisfies the two constraints relative to the diameter and to the radius of curvature. This 
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The following kinemato-static model of an active catheter aims to establish the mathematical relations existing between its physical parameters and its main mechanical performances. For clarity purposes, we will focus on the maximal bending angle the catheter can achieve. Table   2 summarizes our notations. In Ref. [13] , the mechanical behavior of an active catheter featured with SMA micro-coils is analyzed relying on the circular bending assumption. In Ref. [10] , a more precise model,
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independent from this assumption, is presented. However, in this model, SMA actuators do not bend with the catheter structure but remain linearly stretched between their fixing points.
In Ref. [6] , Fukuda et al. address the more realistic case of SMA actuators that always follow the curvature of the catheter. However, the derived expression for the maximal bending angle of the device is not independent from the unknown stress that the SMA wires undergo.
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In this section, we give a reliable model for the SMA-based active catheter depicted in Figure   5 . It is featured with three wire-shaped SMA actuators having the stress-strain characteristics of Figure 6 . In this figure, we also qualitatively indicate the functioning point of each SMA wire in the stress-strain plane when the catheter is at rest and when it is bended. 
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The mechanical load applied by an SMA wire (either activated or not) to the structure has two components : (1) a compression force T applied at the two fixing points, and (2) a shear stress σ distributed along the structure between the two fixing points and located into the bending plane (see Fig. 5 ).
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The shear stress ) (λ σ applied by an SMA wire (either activated or not) to the catheter uniquely depends on the axial force T it produces and on the local curvature of the structure: 
Here, init τˆ is the largest rate of pre-strain init τ that permits to keep the functioning point of the two stretched passive SMA wires on the martensite plateau during the catheter flexion (i.e. Expressions (2) and (3) were experimentally validated by assessing the bending shape and magnitude of the prototype shown in Fig. 7 . Its geometrical and physical parameters are presented in Table 3 . In this table, we have also reported the theoretical expected value of 195 max θ and its maximal uncertainty deduced from the uncertainties on the model parameters.
Note that the prototype is featured with a unique SMA actuator. For this reason, we set the parameter E M to zero in the above expression of max θ (no passive SMA wire). We powered this first prototype with an electrical current whose intensity varied from 0 to more than 1.1 A. In Fig. 7 , we have reported the successive bending configurations reached by the catheter for five different current intensities. As we can see, all these configurations are 205 very close to perfect circles as predicted by our model. The maximal bending angle for this prototype was found to be max θ = 3.90 ± 0.20 rad. On the other hand, Expressions (3) and (5) lead to max θ = 3.51 ± 0.76 rad. − Pre-strain the SMA wires with a rate close to init τˆ.
Equation (5) − Applying a scale factor 1 < α only to r and d will conserve the radius of curvature but will result in an increase of θ max by a factor 1/α.. 235
These recommendations and considerations were applied to the production of two active catheters. The first one is a 2.0-mm external diameter catheter with an internal lumen of 1.4 mm (Fig. 8a) .. It emulates a 6-Fr standard guiding catheter useful for navigating from the insertion point to the carotid artery. As can be seen in Fig. 8(a 
Experimental validation of the prototypes
255
First, the thermal biocompatibility of these devices was verified using the set up shown in Then, the performances of the two prototypes were qualitatively evaluated using two realistic 265 3-D and 2-D anatomical models. Figure 10 shows how the 6-Fr (2mm) prototype allows passage through the aortic arch and entrance to the carotid artery. This task was performed without difficulties by a non-initiated operator.
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Figure 10: 6-Fr prototype going through the aortic arch.
275 Figure 11 shows the 3.3-Fr (1.2mm) prototype progressing into the fine arteries of the Willis'
polygon. This experiment shows how SMA actuators can also be used to precisely place the catheter distal extremity at the center of cerebral aneurysms (see pictures 2 and 4 of Fig.11 ).
As depicted in Fig. 11 (picture 4), its maximal bending angle is greater than 70° and its minimal radius of curvature is about 9 mm. Note also that these two prototypes have sufficient bending rate regarding the targeted medical application. For example, the second prototype can bend to 70° in less than 2 s.
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Conclusion
Drivable catheters actuated through shape memory alloy are a promising approach for the endovascular treatment of pathologic conditions involving cervical and intracranial vessels. In this article, we have evaluated this concept both analytically and experimentally.
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An original kinemato-static model for this kind of device has been presented and tested. It relies on a realistic description of:
1. the mechanical interaction between the SMA wires and the catheter structure 2. the thermo-mechanical behavior of the NiTi material.
Two different prototypes of active catheters were designed based on information derived from 305 the proposed model. They were experimented on realistic anatomical phantoms. Particularly, a 1.2-mm-diameter catheter actuated by SMA wires was realized and proved to be suited for distal extremity controlling and positioning.
In future works, in-vivo evaluations of our prototypes will be conducted in pig and rabbit.
Additionally, we will improve our design approach by considering other criteria such as 
Appendix
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Appendix A
We first consider a catheter featured with only one SMA wire. As depicted in Fig. 12 , this wire applies to the structure an axial tip force As we can see, the static equilibrium at any point of the SMA wire implies : 
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Let S 1 be a planar transversal section of the bended structure at curvilinear coordinate 1
crosses the neutral axis of the catheter at a point G 1 . The static equilibrium of S 1 is described by : 
When the catheter is featured with three SMA wires (as the one depicted on Fig. 3) , the same result can be obtained accounting for the fact that each SMA wire interacts with the catheter the same way as described in Fig. 12 whatever it is active or passive. In this case, if only one SMA wire is activated while the two others remain passive, the set of axial tip forces applied at the catheter extremity has the configuration shown in Fig. 14 Finally, combining equations (A-7) and (B-1) to (B-4), the constant bending moment applied 495 to the catheter by the three SMA wires can be rewritten as : 
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For thin catheters, a current upper bound of the ratio internal radius / external radius is 0.5. In this case, the quadratic momentum C I can be approximated by: The first of these derivatives is always positive while the second one is always negative 545 accounting for the fact that Q < 1. Remarking that cases (i) and (ii) correspond to the cases init init τ τ≤ and init init τ τ> respectively, proves that init τˆconstitutes an optimal choice for the SMA wires pre-strain init τ which maximizes the catheter bending angle max θ .
